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Abstract 
 
 This thesis aims to characterize both the structural and luminescent properties of 
several copper(I) cyanide metal-organic networks. Networks incorporating nitrogen-
containing ligands were synthesized through a variety of methods. Ligands studied were 
either diimine, monoamine, or monoimine in nature. A wide array of products were 
formed and characterized via single-crystal X-Ray diffraction, X-Ray powder diffraction, 
Thermogravimetric Analysis (TGA), and/or elemental analysis. Several of the 
compounds created in this study resulted in novel crystal structures, which are discussed 
in detail. Strikingly, many of the networks created in this study and discussed in this 
thesis display intense luminescent properties at ambient temperature. This property 
provided impetus to study the luminescent properties of various preparation methods, 
with a comparison of products obtained from each method. Evidence indicates that 
products of bulk reactions have very similar luminescence properties as those products 
created through vapor diffusion. Such properties may allow these compounds to be used 
as sensors. 
 
1 
 
INTRODUCTION 
 
Metal-Organic Networks 
 The first synthesis of metal-organic networks was carried out twenty years ago by 
Robson and colleagues.
1
 Since that time, research on organometallic networks has grown 
in both frequency and scope. The synthesis and characterization of new metal-organic 
networks has become a major focal point for those interested in transition metal 
chemistry. These networks display several unique and desirable characteristics that 
combine the properties of organic molecules with properties of transition metals. A 
metal-organic network is the result of an interaction between a single metal center, or a 
cluster of metal centers, and an organic ligand that results in a polymeric structure. 
Depending on the metallic centers and ligands involved, the structures can vary from 
simple one-dimensional (1D) chains to complicated and interlocking 3D structures. In 
these networks, the metal centers act as Lewis acids by accepting electrons to form 
coordinate covalent bonds with the organic ligands, which function as Lewis bases.
2
 
Ligands that can bond to two or more metal centers are known as bridging ligands. These 
organic compounds are generally rigid in structure, often containing multiple π-bonds 
that prevent any flexibility. This rigidity prevents a single ligand from bonding to a single 
metal center multiple times, a phenomenon known as chelation. By avoiding chelation, 
resulting metal-ligand interactions can form long chains that link together several metal 
centers while preventing the metal atoms from interacting directly with each other. 
Networks with these properties are of particular interest in several fields due to their 
potential uses as catalysts, luminescent sensors, and in gas adsorption.
3
 
2 
 
 
Properties of Copper(I) 
 One of the key features of every metal-organic network is the identity of the metal 
at the center of all binding interactions. In the work described here, the metal in question 
is copper(I), a transition metal with a “closed shell” electron configuration. This term 
indicates that all five valence d-orbitals are doubly occupied by electrons with paired 
spins, giving an electron configuration of [Ar]5d
10
. This configuration gives Cu(I) many 
unique and useful properties.  Because Cu(I) is relatively electron-rich, it is limited in its 
ability to coordinate with large numbers of ligands. In most other transition metals, 
coordination with six ligands would create an organometallic complex with an octahedral 
geometry. However, in the case of Cu(I), coordination is limited to two, three, or four 
ligands. This results in molecular geometries that are linear, trigonal, or tetrahedral, 
respectively. These low coordination numbers tend to result in simpler network structures 
than those formed from higher-coordinating transition metals.  
 Another important feature of Cu(I), also the result of its d
10
 electron 
configuration, is its ability to stabilize bonds with -acceptor ligands through a 
phenomenon known as π-backbonding. The primary bond between ligand and Cu(I) is 
the result of an interaction between valence electrons on the organic ligand and an empty 
σ-bonding orbital on the Cu(I) metal center. To stabilize this bond between metal and 
ligand, electrons occupying the non-bonding d-orbitals of Cu(I) can form a weaker π-
bond through interaction with empty -symmetry orbitals on the ligand. This 
phenomenon is known as backbonding because the metal is essentially “giving” the 
organic ligand two electrons “back” in opposition to the normal direction of electron 
3 
 
donation. Depending on the identity of the ligand, this π-backbond can vary in strength, 
but in any case, the link between ligand and metal center is strengthened.  
 
Copper(I) Cyanide Networks 
This thesis focuses on the networks formed by copper(I) and its interactions with 
several different organic ligands. In particular, networks formed using copper(I) cyanide, 
or CuCN, are discussed. Firstly, it is important to understand the role of cyanide as a 
bridging ligand. The cyanide ion (Figure 1) has several key features that make it an ideal 
bridging ligand. Each atom in the ligand contains one lone pair of electrons, allowing 
each end of the ion to act as a Lewis base when bonding with a metal center. This feature 
gives the cyanide anion the ability to bond a metal atom on both sides, acting as a 
“bridge” between metal atoms. Bridging cyano groups allow for the creation of long 
chains known as metal-cyano polymers.  
 
Figure 1: Structure of the Cyanide Anion 
 
When CN is combined with Cu(I), the resulting structure is unlike that of any 
other simple Group 11 metal cyanide. The resulting CuCN polymer, despite having a 
fairly simple basic structure, is surprisingly complex. While silver(I) and gold(I) cyano 
compounds have been proven to form linear chains at room temperature, it has been 
found that CuCN exists as a zigzag, or wave-like, chain formed from repeating units 
(Figure 2).
4
 The repeat unit for these polymers is (CuCN)9, which has five 
crystallographically unique Cu(I) atoms. One interesting feature of many metal cyanide 
4 
 
polymers, including CuCN, is the “head-to-tail” disorder that is found within cyanide 
groups (Figure 2). This disorder is a randomization of atom identity, which  removes the 
distinction  between CN or NC groups.
5
   
 
 
Figure 2: (a) X-Ray Crystal Structure of CuCN (ref 5) and (b) X-Ray powder diffraction 
pattern of CuCN  
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This essentially one-dimensional structure arises from the preferences of both Cu 
and CN to form two-coordinate linear bonds. Arrangements such as this allow for the 
insertion of additional ligands within the -Cu-CN-Cu-CN- chain and the development of 
novel complexes without disruption of the original metal-organic chain.
6
 Studies by 
Zubieta have demonstrated the ability of these CuCN-L (L= organic ligand) networks to 
5 
 
form at various stoichiometries. Although reactions were consistently prepared with a 4 
CuCN:1 ligand ratio, several resulting networks had differing ratios. In some cases, 
identical reaction conditions resulted in two networks with different stoichiometries and 
structures. For example, the reaction of CuCN and pyrazine (Pyz) resulted in two 
separate products: the 2D network of (CuCN)3(Pyz) (Figure 3) and the 3D structure of 
(CuCN)3(Pyz)2 (Figure 4).
7
  
Figure 3: X-ray crystal structure of (CuCN)3(Pyz) Cu = orange, C = gray, N = blue, C/N 
= gray.
ref. 7 
Hydrogen atoms omitted for clarity. 
 
Figure 4: X-ray crystal structure of (CuCN)3(Pyz)2. Cu = orange, C = gray, N = blue, C/N 
= gray.
ref. 7 
Hydrogen atoms omitted for clarity. 
 
 
6 
 
Stocker and others have successfully synthesized several networks from the 
reactions between CuCN and amine ligands.  Stocker produced a wide array of CuCN-
diamine networks through a reaction involving aqueous sodium thiosulfate.
8
 Many of 
these complexations result in the creation of porous networks. As an example, the 
complexation of CuCN with Me2Pip (Me2Pip = N,N
´
-dimethylpiperazine, see Chart 1, 
below) results in a network in which CuCN chains are held together by bridging Me2Pip 
molecules to form 2D sheets (Figure 5).
8
  
Figure 5: X-ray crystal structure of (CuCN)2(Me2Pip).
Ref 8
 Cu = orange, C = gray, N = 
blue, C/N = gray.
 
Hydrogen atoms omitted for clarity. 
 
 
 
 
 
Past research has resulted in the creation of various (CuCN)x(L)y networks with a 
wide array of stoichiometries, including CuCN:L ratios of 1:1, 2:1, 3:2, 3:1, 7:2, and 4:1. 
To date only a few monoimine/monoamine CuCN-L phases have been reported: 
(CuCN)(L), L = NHEt2, NEt3, quinoline; (CuCN)2(L)3 L = 2-picoline (2Pic) (Figure 6), 
4Pic (Figure 7); and (CuCN)2(L), L = pyridine (Py) (Figure 8).
9
 All of these compounds 
are infinite CuCN polymers with L coordinated to copper centers. Related non-amine 
7 
 
CuCN-L structures, L = thioacetamide, dimethylsulfoxide, also show the decorated 
polymer motif.
10
 In contrast, an older amine structure, (CuCN)(NH3) shows formation of 
2D sheet structures through 3-bridging cyano units that produce Cu2(CN)2 units.
11
 In 
none of the above cases was luminescence behavior noted. 
 
Figure 6: X-Ray Crystal Structure of (CuCN)2(2Pic)3.
Ref 9
  Hydrogen atoms and Cu...Cu 
interactions omitted for clarity. Atom identities for all ball and stick projections: red 
circles = Cu atoms; grey circles = C atoms, blue circles = N atoms; wireframe = L ligand.  
 
 
8 
 
 
Figure 7: X-Ray Crystal Structure of (CuCN)2(4Pic)3.
Ref 9 
 
Figure 8: X-Ray Crystal Structure of (CuCN)2(Py).
Ref 9 
 
In this study, we sought to synthesize and characterize an assortment of CuCN 
networks through various methods, including hydrothermal reactions, sealed tube 
reactions, and vapor diffusion studies. The various networks produced were the result of 
the reaction between CuCN and a variety of ligands. The ligands used were mono- or 
diamines and  monoimines, bearing lone pairs on the nitrogen atoms. In the case of 
diamines and diimines, rigid, albeit aliphatic, ring structures were chosen. The rigidity of 
9 
 
these structures, as discussed previously, allowed the compounds to function as bridging 
ligands.
12
 The diimine metal-organic polymers of CuCN were previously studied in our 
laboratory by Tristan Tronic. The ligands used here are shown in Chart 1.  
  
10 
 
11 
 
 
Luminescence 
 Luminescence is defined as the relaxation of an electron from an excited state to a 
ground state through the emission of a single photon. In order for luminescence to occur, 
an electron must be excited via absorption of electromagnetic radiation of wavelength 
within the ultraviolet or visible region of the spectrum. The wavelength that results in this 
transition is known as the excitation wavelength. The resulting emission, known as 
photoluminescence, falls into one of two categories based on the emission mechanism: 
fluorescence or phosphorescence. Excitation from either UV or visible radiation occurs 
when an electron in the ground state absorbs a certain quantum of energy and transitions 
to a state of higher electronic and vibrational energy. The energy difference between the 
two states can be calculated from using the equation E = hc/λ where λ is the wavelength 
of the excitation photon. This equation implies that a shorter wavelength will result in 
larger energy absorption and therefore higher excitation energy. In order for an electron 
to reach an excited state, sufficient energy must be absorbed from the incident photon to 
cause a transition from the ground state to the excited state. If enough energy is not 
available, absorption will not occur . Excitation through absorption of a photon generally 
occurs without a change in electron-spin pairing, therefore molecules that exist as singlets 
(spin paired electrons) in the ground state will also exist as singlets in the excited state. 
Once excited, however, there are several pathways that the electron can take in order to 
return to the ground state, wherein it is more stable. The typical pathway is known as 
internal conversion, and involves the electron relaxing to a lower vibrational and 
12 
 
rotational energy state within the excited electronic state manifold, a transition that emits 
thermal vibrational energy.  
Once the electron has reached the lowest vibrational and rotational states, it 
typically relaxes back to the ground state through a transition that gives off no 
electromagnetic radiation and therefore cannot be studied through spectroscopy. Instead, 
the energy is released in the form of heat or transferred to other nearby solvent molecules 
in a phenomenon known as quenching. In some cases, the excited electron relaxes 
directly from an excited singlet state to the ground singlet state through emission of a 
single photon. This transition takes place rapidly, within nanoseconds, and is known as 
fluorescence. Molecules that favor this transition are generally rigid in structure, a 
characteristic that makes internal conversion and quenching unlikely. Despite the short 
lifetime of fluorescence behavior, a molecule typically undergoes some amount of 
vibrational relaxation before emission of a photon. This results in emission of photon 
with a lower frequency than the absorbed photon. A third possibility for the excited 
electron is a process known as phosphorescence. In this mechanism, the excited electron 
transitions from a singlet state to the lower energy triplet state (spin parallel) in a process 
known as intersystem crossing. The least likely of the available transitions, 
phosphorescence is referred to as a “spin-forbidden” process because of the change in 
spin states. Because this process is not favorable, the rates of these emissions are much 
slower than those of other relaxational mechanisms.
13
 These possible transitions are 
illustrated in Figure 9.  
 
 
13 
 
 
Figure 9: Electronic Transitions 
 
Typically, absorption in transition metal complexes occurs between filled and empty d-
orbitals. Generally, all d-orbitals on a single atom are considered degenerate. However, 
when interacting with ligands, d-orbitals become non-degenerate. This makes the 
transitions between d-orbitals very difficult to detect through spectroscopy because of 
very short transition lifetimes. As discussed previously, however, the d-orbitals of Cu(I) 
are completely occupied, which prevents any d-d transitions. Instead, Group 11 transition 
metals such as Cu(I) allow us to study several different types of transitions. In these 
cases, the transitions are believed to occur between the filled d-orbitals on the Cu(I) metal 
center and the lower energy vacant orbitals of the ligand. This process is known as metal-
to-ligand charge transfer (MLCT).
14
 This phenomenon has implications in the study of 
14 
 
CuCN-based metal-organic complexes, where at least two different ligands are attached 
to a single Cu(I) center. Experimental work with CuCN complexes results in high-energy 
absorptions at excitation wavelengths of less than 250 nm, which has been attributed to 
MLCT transitions. Less intense absorptions at longer wavelengths are assigned as metal-
centered (MC) transitions between the 3d and 4p or 4s orbitals.
15
 In certain complexes, 
depending on the length of the CuCN chain, metal-metal interactions have been observed, 
which lead to red-shifted absorptions. These observations have led to the theory that both 
metal-ligand and metal-metal interactions are responsible for the physical 
photoluminescence of CuCN complexes. What is most troubling is the lack of agreement 
between theoretical and experimental values for absorption energies and orbital 
transitions for the copper(I) cyano complexes, and attempts are currently being made to 
remedy this situation.  
15 
 
EXPERIMENTAL 
 
Materials and Methods.  All reagents were purchased and used without purification, 
except for the picolines, which were distilled before use. The N-benzylpiperazine and 
N,N'-dibenzylpiperazine ligands were prepared according to literature methods.
16,17
 All 
water used was of deionized quality and was thoroughly degassed with Ar.  
General Analyses. Analyses for C, H, and N were carried out by Atlantic Microlabs, 
Norcross, GA. Thermogravimetric analyses (TGA) were conducted using a TA 
Instruments Q500 in the dynamic (variable temperature) mode with a maximum heating 
rate of 50°C/min. to 300 or 800 °C under 60mL/min. N2 flow. Fluorescence 
measurements were carried out on ground and packed powders using a Perkin-Elmer LS 
55 spectrofluorimeter. Single crystal and powder X-ray diffraction analyses were 
performed using a Bruker-AXS SMART Apex II diffractometer.  
X-ray Analysis. Single crystal determinations were carried out using a Bruker-AXS 
SMART Apex II diffractometer at 100 K (except as noted) using graphite-monochromated 
Cu Kα radiation.18 The data were corrected for Lorentz and polarization19 effects and 
absorption using SADABS.
20
 The structures were solved by use of direct methods or 
Patterson map. Least squares refinement on F
2
 was used for all reflections. Structure 
solution, refinement, and the calculation of derived results were performed using the 
SHELXTL
21
 package of software. The non-hydrogen atoms were refined anisotropically. 
Hydrogen atoms were located and placed in theoretical positions. In most, but not all 
cases, the cyano C and N atoms are disordered. When required by crystallographic 
symmetry, occupancies of 50% C and 50% N were used; otherwise, relative C and N 
16 
 
occupancies were refined. The former and latter cases are referred to as symmetrically 
and nonsymmetrically disordered, respectively.  
 Powder diffraction analysis was carried out on the instrument described above. 
Samples were ground and prepared as mulls with Paratone N oil. Four 180 s frames were 
collected, covering angles between 8° and 100° 2θ. Frames were then merged using the 
SMART Apex II software.
5
 Some powder diffraction analyses were run on a Bruker-AXS 
D8 Advance instrument from 2
o
 to 60
o
 2 at a scan rate of 3o/min. All powder data were 
processed using DIFFRAC-Plus and EVA software.
22
 The Mercury
23
 or 
Crystallographica
24
 programs were used to generate simulated powder patterns from 
single crystal determinations.  
N-Benzylpiperazine (BzPip) Synthesis.
10
  A solution of benzyl chloride (10.0 g, 79.0 
mmol) and piperazine (27.2 g, 316 mmol) in 250 mL toluene was heated to 85 
o
C for 2 h. 
The resulting yellow solution was filtered and evaporated. The oily residue was extracted 
with 2 M HCl and CH2Cl2 (50 mL each). The aqueous fraction was then basified to ca. 
pH 14 with solid NaOH. It was then re-extracted with CH2Cl2 (2 ×100 mL). The organic 
layer was washed with brine and water and then dried over anhydrous Na2SO4. 
Evaporation left a colorless oil which was dried in vacuo (8.97 g, 50.9 mmol, 64.4%). 
1
H 
NMR (400 MHz, CDCl3)  7.30 (m, 5H, Ph), 3.49 (s, 2H, CH2Ph), 2.88 (m, 2H CH2), 
2.41 (br s, 2H, CH2), 1.61 (br s, 1H, NH). 
13
C{
1
H} NMR (100 MHz, CDCl3)  138.22, 
129.31, 128.31, 127.12, 63.91, 54.73, 46.34. 
N,N'-Dibenzylpiperazine (Bz2Pip) Synthesis.
11
  Solutions of piperazine (0.315 g, 3.66 
mmol) and freshly distilled benzaldehyde (64.6 g, 6.09 mmol) dissolved in separate 10 
mL portions of CH2Cl2 were combined, forming a clear, colorless solution. Solid 
17 
 
NaBH(OAc)3 (1.27 g, 5.97 mmol) was added and the resulting suspension was stirred for 
4 h under N2. The mixture was washed with saturated aq NaHCO3 (20 mL) and the 
aqueous layer was re-extracted three times with 25 mL CH2Cl2. The organic layers were 
combined and dried over anhydrous Na2SO4. Evaporation left a white solid which was 
dried in vacuo (0.398 g, 49.1%). 
1
H NMR (400 MHz, CDCl3)  7.30 (m, 10H, Ph), 3.51 
(s, 4H, CH2Ph), 2.48 (s, 8H, CH2CH2). 
13
C{
1
H} NMR (100 MHz, CDCl3)  138.21, 
129.56, 128.48, 127.33, 63.39, 53.35. 
 General Method of Aqueous Reflux Synthesis. Copper(I) cyanide (2.00 mmol) and 
KCN (0.130 g, 2.00 mmol) were suspended in 20 mL H2O. The mixture was heated 
under N2 and L ligand (1.00 mmol) was added. The suspension was vigorously stirred at 
about 80 
o
C for 1 h. The suspended solid was collected by means of filtration, washed 
with H2O, ethanol, and diethyl ether, and then dried under vacuum. Reactions with 
identical conditions were also carried out with CuCN:KCN:L ratios of 3:2:1, 4:2:1, and 
5:2:1.  
General Method for HT Reactions. Copper(I) cyanide (2.0 or 4.0 mmol) and KCN (1.0 
mmol) were suspended in 5.0 mL H2O in a 23 mL Teflon-lined Parr acid digestion 
vessel. The L ligand (1.0 mmol) was added and the resulting suspension was stirred 
briefly and sealed in an inert Ar atmosphere. The sealed vessel was then heated at 175 °C 
for 4 days. After overnight cooling to return to room temperature, the suspended solid 
was collected by means of filtration, washed with H2O, ethanol, and diethyl ether. The 
recovered product was then dried under vacuum for 12 hours. Crystals having sufficient 
quality for X-ray analysis were then selected.  
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(CuCN)2(Pip), 1a. Copper(I) cyanide (0.268 g, 3.00 mmol) and KCN (0.130 g, 2.00 
mmol) were suspended in 20 mL H2O. The mixture was heated under N2 and Pip (0.0861 
g, 1.00 mmol) was added. The suspension was vigorously stirred at about 80 
o
C for 1 h. 
The suspended solid was collected by means of filtration, washed with H2O, ethanol, and 
diethyl ether, and then dried under vacuum. A pale yellow powder was isolated (1.37 g, 
5.16 mmol, 51.6%). IR (KBr pellet, cm
–1
) 3244 (w), 3153 (w), 3101 (m), 3038 (m), 2104 
(s), 1575 (m), 1439 (m), 1405 (m), 1382 (m), 1103 (m), 990 (w), 968 (m), 867 (m). Anal. 
Calcd for C6H10N4Cu2: C, 27.17; H, 3.80; N, 21.12. Found: C, 27.48; H, 3.85; N, 21.73. 
TGA Calcd for CuCN: 67.5. Found: 68.0 (175–245 oC).  
(CuCN)20(Pip)7, 1b.
2
 The procedure was identical to that used for 1a using 4.00 mmol 
CuCN, 2.00 mmol KCN, and 1.00 mmol Pip. A cream powder was isolated (85.1%). IR 
(KBr pellet,  
cm
–1
) 3246 (m), 2990 (w), 2911 (m), 2881 (m), 2857 (m), 2124 (s), 1449 (m), 1311 (s), 
1277 (w), 1115 (m), 1099 (s), 990 (w), 870 (s), 624 (w). Anal. Calcd for C48H70N34Cu20: 
C, 24.08; H, 2.95; N 19.89. Found: C, 24.27; H, 2.97; N, 20.05. TGA Calcd for CuCN: 
74.8. Found: 74.9 (185–240 oC).  
(CuCN)7(MePip)2, 2. The procedure was identical to that used for 1a using 4.00 mmol 
CuCN, 2.00 mmol KCN, and 1.00 mmol MePip. A white powder was isolated (63.0%). 
IR (KBr pellet, cm
–1
) 3296 (m), 3233 (w), 2951 (w), 2866 (w), 2837 (m), 2819 (w), 2156 
(m), 2145 (m), 2122 (s), 1450 (m), 1311 (m), 1283 (s), 1261 (w), 1125 (m), 1055 (w), 
1032 (w), 1003 (m), 973 (w), 944 (w) 860 (s), 779 (w), 625 (w). Anal. Calcd for 
C17H24N11Cu7: C, 24.68; H, 2.92; N, 18.62. Found: C, 24.48; H, 2.88; N, 18.70. TGA 
Calcd for CuCN: 75.9 Found 76.6 (175–230 oC). 
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(CuCN)2(Me2Pip), 3a. The procedure was identical to that used for 1a using 3.00 mmol 
CuCN, 2.00 mmol KCN, and 1.00 mmol Me2Pip. A white powder was isolated (52.7%). 
IR (KBr pellet, cm
–1
) 2968 (m), 2826 (m), 2816 (m), 2135 (s), 1456 (s), 1290 (m), 1165 
(m), 1123 (w), 1095 (w), 1049 (w), 1011 (s), 907 (w), 814 (w). Anal. Calcd for 
C8H14N4Cu2: C, 32.76; H, 4.81; N, 19.10. Found: C, 32.94; H, 4.91; N, 19.19. TGA 
Calcd for (CuCN)4(Me2Pip): 80.5 (135–175
 o
C). Found: 80.7 (175–215 oC). Calcd for 
CuCN: 61.1. Found: 62.0 (180–215 oC). 
(CuCN)4(Me2Pip), 3b.  The procedure was identical to that used for 1a using 4.00 mmol 
CuCN, 2.00 mmol KCN, and 1.00 mmol Me2Pip. A white powder was isolated (59.1%). 
IR (KBr pellet, cm
–1
) 2974 (m), 2947 (w), 2832 (m), 2820 (m), 2149 (m), 2127 (s), 1453 
(s), 1367 (w), 1284 (s), 1151 (m), 1119 (m), 1089 (m), 1037 (m), 1005 (s), 910 (w), 817 
(s), 633 (w). Anal. Calcd for C10H14N6Cu4: C, 25.42; H, 2.99; N, 17.79. Found: C, 25.65; 
H, 3.01; N, 17.94. TGA Calcd for CuCN: 75.8. Found: 76.1 (180–220 oC). 
(CuCN)7(EtPip)2, 4.  The procedure was identical to that used for 1a using 4.00 mmol 
CuCN, 2.00 mmol KCN, and 1.00 mmol EtPip. A white powder was isolated (65.7%). IR 
(KBr pellet, cm
–1
) 3286 (w), 3236 (w), 2974 (w), 2836 (m), 2145 (m), 2120 (s), 1444 (w), 
1315 (w), 1225 (m), 1094 (m), 1028 (w), 930 (m), 856 (m), 964 (w), 771 (w), 625 (w). 
Anal. Calcd for C19H28N11Cu7: C, 26.68; H, 3.30; N, 18.01. Found: C, 27.38; H, 3.32; N, 
17.72. TGA Calcd for CuCN: 73.3. Found: 72.0 (180–230 oC).  
(CuCN)4(Et2Pip), 5.  The procedure was identical to that used for 1a using 5.00 mmol 
CuCN, 3.00 mmol KCN, and 1.00 mmol Et2Pip. A white powder was isolated (89.0%). 
IR (KBr pellet, cm
–1
) 2970 (m), 2928 (w), 2900 (w), 2879 (w), 2839 (m), 2152 (m), 2119 
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(s), 1462 (w), 1445 (w), 1380 (w), 1316 (w), 1269 (w), 1142 (m), 1103 (m), 1018 (m), 
941 (m), 831 (w), 784 (w). Anal. Calcd for C12H18N6Cu4: C, 28.80; H, 3.62; N, 16.79. 
Found: C, 28.76; H, 3.63; N, 16.81. TGA Calcd for CuCN: 73.3. Found: 72.1 (205–245 
o
C). 
(CuCN)3(BzPip)2, 6a.  The procedure was identical to that used for 1a using 2.00 mmol 
CuCN, 2.00 mmol KCN, and 1.00 mmol BzPip. A pale yellow powder was isolated 
(40.3%). IR (KBr pellet, cm
–1
) 3285 (m), 3326 (w), 3027 (w), 2957 (m), 2853 (m), 2809 
(m), 2124 (s), 2111 (s), 1491 (w), 1452 (m) 1339 (w), 1316 (m), 1119 (m), 1071 (w), 989 
(w), 862 (m), 746 (m), 701 (m). Anal. Calcd for C25H32N7Cu3: C, 48.34; H, 5.19; N, 
15.78. Found: C, 48.36; H, 5.13; N, 15.79. TGA Calcd for (CuCN)3(BzPip): 71.6. Found: 
72.4 (125–155 oC). Calcd for CuCN: 43.3. Found: 43.5 (155–220 oC). 
(CuCN)5(BzPip)2, 6b.  The procedure was identical to that used for 1a using 3.00 mmol 
CuCN, 2.00 mmol KCN, and 1.00 mmol BzPip. A cream powder was isolated (58.6%). 
IR (KBr pellet, cm
–1
) 3282 (w), 3250 (w), 3026 (w), 2925 (w), 2893 (w), 2841 (m), 2161 
(m), 2127 (s), 1491 (w), 1451 (m), 1315 (w), 1159 (w), 1101 (m), 987 (w), 965 (m), 862 
(m), 745 (m), 702 (m). Anal. Calcd for C27H32N9Cu5: C, 40.52; H, 4.03; N, 15.75. Found: 
C, 41.04; H, 4.16; N, 15.77. TGA Calcd for (CuCN)4(BzPip): 83.5. Found: 83.7 (125–
145
 o
C). Calcd for CuCN: 56.0. Found: 55.9 (145–200 oC). 
(CuCN)7(BzPip)2, 6c.  The procedure was identical to that used for 1a using 4.00 mmol 
CuCN, 2.00 mmol KCN, and 1.00 mmol BzPip. An off-white powder was isolated 
(72.8%). IR (KBr pellet, cm
–1
) 3246 (m), 3024 (w), 2926 (m), 2835 (m), 2811 (m), 2162 
(m), 2128 (s), 2123 (s), 2090 (s) 1490 (w), 1439 (m), 1161 (w), 1095 (m), 1022 (w), 984 
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(m), 962 (m), 742 (s), 700 (s). Anal. Calcd for C29H32N11Cu7: C, 35.56; H, 3.29; N, 15.73. 
Found: C, 35.87; H, 3.36; N, 15.53. TGA Calcd for CuCN: 64.0. Found: 63.4 (140–220 
o
C). 
(CuCN)4(BzPip), 6d.  The procedure was identical to that used for 1a using 5.00 mmol 
CuCN, 3.00 mmol KCN, and 1.00 mmol BzPip. An off-white powder was isolated 
(70.5%). IR (KBr pellet, cm
–1
) 3026 (w), 2971 (2), 2930 (w), 2836 (m), 2162 (s), 2119 
(s), 1446 (m), 1167 (m), 1096 (m), 961 (s), 857 (m), 768 (m), 745 (m), 702 (s). Anal. 
Calcd for C15H16N6Cu4: C, 33.71; H, 3.02; N, 15.72. Found: C, 33.22; H, 2.98; N, 15.64. 
TGA Calcd for CuCN: 67.0. Found: 67.8 (145–215 oC). 
(CuCN)2(Bz2Pip), 7.  The procedure was identical to that used for 1a using 2.00 mmol 
CuCN, 2.00 mmol KCN, and 1.00 mmol Bz2Pip. A light tan powder was isolated 
(33.0%). IR (KBr pellet, cm
–1
) 3061 (w), 3026 (w), 2967 (w), 2874 (w), 2832 (m), 2805 
(m) 2126 (s), 1492 (w), 1451 (s), 1399 (m), 1345 (m), 1265 (m), 1130 (m), 1114 (m), 997 
(m), 937 (m), 833 (m), 754 (s), 702 (s). Anal. Calcd for C20H22N4Cu2: C, 53.92; H, 4.98; 
N, 12.58. Found: C, 53.87; H, 4.98; N, 12.50. TGA Calcd for CuCN: 40.2. Found: 40.6 
(180–215 oC). 
(CuCN)(Ph2CHPip), 8a.  The procedure was identical to that used for 1a using 2.00 
mmol CuCN, 2.00 mmol KCN, and 1.00 mmol Ph2CHPip. A white powder was isolated 
(36.4%). IR (KBr pellet, cm
–1
) 3059 (w), 3026 (w), 2960 (m), 2850 (w), 2802 (w), 2134 
(s), 2130 (s), 1490 (m), 1450 (m), 1318 (w), 1123 (m), 1072 (w), 1006 (w), 920 (w), 869 
(s), 751 (s), 702 (s). Anal. Calcd for C18H20N3Cu: C, 63.23; H, 5.90; N, 12.29. Found: C, 
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62.96; H, 5.83; N, 12.43. TGA Calcd for (CuCN)2(Ph2CHPip): 63.1. Found: 63.3 (150–
185
 o
C). Calcd for CuCN: 26.2. Found: 26.6 (185–215 oC). 
(CuCN)2(Ph2CHPip), 8b.  The procedure was identical to that used for 1a using 3.00 
mmol CuCN, 2.00 mmol KCN, and 1.00 mmol Ph2CHPip. A white powder was isolated 
(67.4%). IR (KBr pellet, cm
–1
) 3265 (w), 3026 (w), 2972 (w), 2808 (w), 2768 (w), 2738 
(w), 2127 (s), 1490 (m), 1449 (s), 1342 (w), 1310 (m), 1129 (m), 1072 (m), 1007 (m), 
851 (m), 752 (m), 706 (s). Anal. Calcd for C19H20N4Cu2: C, 52.89; H, 4.67; N, 12.98. 
Found: C, 53.57; H, 4.66; N, 12.65. TGA Calcd for CuCN: 41.5. Found: 41.6 (145–240 
o
C). 
General Method for Pressure Tube Reactions. Copper(I) cyanide (3.0 mmol) was 
suspended in enough monoamine ligand to be completely submerged within a thick-
walled glass pressure tube. The resulting suspension was then heated at 75 °C overnight 
in an oil bath. After cooling to return to room temperature, the suspended solid was 
collected by means of filtration, and washed with diethyl ether. Recovered product was 
then air-dried for a period of 24 hours before being placed under vacuum for further 
drying. Crystals having sufficient quality for X-ray analysis were then selected. In many 
cases, powder product was also collected for powder diffraction analysis.  
(CuCN)(Py)2, 9b. Copper(I) cyanide (0.150 g, 1.67 mmol) was suspended in about 5 mL 
Py in a sealed tube under Ar. The mixture was heated to 70 
o
C in an oil bath overnight 
without stirring. After cooling, the suspended solid was collected by means of filtration, 
washed with diethyl ether, and then air dried. A yellow powder was isolated (0.393 g, 
1.59 mmol, 94.7%). IR (KBr pellet, cm
–1
) 2124.4, 2103.8, 2086.1. TGA Calcd for 
(CuCN)(Py) 68.0. Found: 70.5 (35-55
 o
C). Calcd for (CuCN)3(Py)2: 57.4 Found: 56.1 
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(55–85 oC). Calcd for (CuCN)3(Py): 46.8. Found: 48.5 (85–110
 o
C). Calcd for CuCN: 
36.1. Found: 37.4 (110–130 oC).  
(CuCN)(Py), 9a. The procedure was identical to that used for 9b except that the sample 
was vacuum dried. A white powder was isolated (86.4%). IR (KBr pellet, cm
–1
) 2125.5, 
2101.2, 2086.0. Anal. Calcd for C11H10N3Cu: C, 42.73; H, 2.99; N, 16.61. Found: C, 
39.37; H, 2.61; N, 16.45. TGA Calcd for (CuCN)3(Py)2: 84.4 Found: 82.8 (55–85
 o
C). 
Calcd for (CuCN)3(Py): 68.9. Found: 71.4 (85–110
 o
C). Calcd for CuCN: 53.1. Found: 
55.2 (110–130 oC). 
(CuCN)2(2Pic)3, 10b. The procedure was identical to that used for 9b. A pale yellow 
powder was isolated (94.5%). IR (KBr pellet, cm
–1
) 2128.1. TGA Calcd for 
(CuCN)(2Pic): 79.7 Found 80.9 (35–50 oC). Calcd for (CuCN)2(2MePy): 59.4 Found 
60.3 (50–85 oC). Calcd for CuCN: 39.1 Found 40.3 (85–110 oC). 
(CuCN)(2Pic), 10a. The procedure was identical to that used for 9a. A white powder was 
isolated (82.2%). IR (KBr pellet, cm
–1
) 2127.7, 2102.2. Anal. Calcd for C7H7N2Cu: C, 
46.02; H, 3.86; N, 15.33. Found: C, 24.48; H, 2.88; N, 18.70. TGA Calcd for 
(CuCN)2(2MePy): 74.5. Found: 77.4 (50–85
 o
C). Calcd for CuCN: 49.0. Found: 51.7 
(85–110 oC).  
(CuCN)(2EtPy), 11. The procedure was identical to that used for 9a. A white powder 
was isolated (100%). IR (KBr pellet, cm
–1
) 2127.5. TGA Calcd for (CuCN)2(2EtPy): 
74.5. Found: 77.4 (50–85 oC). Calcd for CuCN: 45.5. Found: 45.9 (65–105 oC).  
 (CuCN)2(3Pic)3, 12b. The procedure was identical to that used for 9b. A straw-colored 
powder was isolated (95.5%). IR (KBr pellet, cm
–1
) 2127.7, 2102.2. TGA Calcd for 
24 
 
(CuCN)(Pic): 79.7 Found 75.0 (30–50 oC). Calcd for (CuCN)2(3MePy): 54.7 Found 56.6 
(50–90 oC). Calcd for CuCN: 39.1 Found 36.7 (90–130 oC). 
(CuCN)(3Pic), 12a. The procedure was identical to that used for 9a. An off-white 
powder was isolated (81.4%). IR (KBr pellet, cm
–1
) 2124.2, 2112.3, 2087.3. TGA Calcd 
for (CuCN)2(2Pic): 74.5. Found: 76.0 (60–100
 o
C). Calcd for CuCN: 49.0. Found: 50.2 
(100–140 oC).  
(CuCN)2(3EtPy)3, 13. The procedure was identical to that used for 9b. A pale yellow 
powder was isolated (94.4%). IR (KBr pellet, cm
–1
) 2119.4, 2106.3. Anal. Calcd for 
C23H27N5Cu2: C, 55.19; H, 5.44; N, 13.99. Found: C, 55.08; H, 5.44; N, 13.97. TGA 
Calcd for (CuCN)2(3MePy): 57.2 Found 58.9 (45–105
 o
C). Calcd for (CuCN)4(3EtPy): 
46.5 Found 48.7 (105–240 oC). Calcd for CuCN: 35.8 Found 34.5 (240–315 oC). 
(CuCN)(3BrPy), 14. The procedure was identical to that used for 9a. A white powder 
was isolated (95.3%). IR (KBr pellet, cm
–1
) 2125.9, 2112.0, 2100.4. Anal. Calcd for 
C6H4N2BrCu: C, 29.11; H, 1.63; N, 11.32. Found: C, 29.18; H, 1.53; N, 11.36. TGA 
Calcd for (CuCN)2(3BrPy): 68.0 Found 69.3 (85–105
 o
C). Calcd for CuCN: 36.2 Found 
37.4 (105–130 oC). 
(CuCN)2(4Pic)3, 15. The procedure was identical to that used for 9a. A pale yellow 
powder was isolated (100%). IR (KBr pellet, cm
–1
) 2114.9, 2100.5. Anal. Calcd for 
C20H21N5Cu2: C, 52.39; H, 4.62; N, 15.27. Found: C, 52.09; H, 4.58; N, 15.21. TGA 
Calcd for (CuCN)(4Pic): 79.7 Found 79.8 (60–85 oC). Calcd for (CuCN)2(4Pic): 54.7 
Found 59.5 (85–105 oC). Calcd for CuCN: 39.1 Found 39.3 (105–145 oC). 
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 (CuCN)(4EtPy), 16. The procedure was identical to that used for 9a. In this case a 
solution was formed in the 4EtPy. This required addition of Et2O to precipitate the 
product. A tan powder was isolated (77.4%). IR (KBr pellet, cm
–1
) 2129.8, 2122.5. TGA 
Calcd for (CuCN)4(4EtPy)3: 86.4 Found 86.2 (60–110
 o
C). Calcd for (CuCN)4(4EtPy): 
59.1 Found 62.0 (110–150 oC). Calcd for CuCN: 45.5 Found 47.5 (150–300 oC). 
(CuCN)2(4
t
BuPy)3, 17. The procedure was identical to that used for 9a. A yellow 
crystalline solid was isolated (94.7%). When the same reaction was carried out with 
stirring, a white powder that gave identical analytical data was obtained (89.7%). IR (KBr 
pellet, cm
–1
) 2123.6. TGA Calcd for (CuCN)2(4
t
BuPy): 57.2 Found 58.9 (45–105 oC). 
Calcd for (CuCN)4(4
t
BuPy): 46.5 Found 48.7 (105–240 oC). Calcd for CuCN: 35.8 Found 
34.5 (240–315 oC). 
(CuCN)(Lut), 18. The procedure was identical to that used for 9a. A white powder was 
isolated (98.0%). IR (KBr pellet, cm
–1
) 2127.5. Anal. Calcd for C8H9N2Cu: C, 48.85; H, 
4.61; N, 14.21. Found: C, 48.56; H, 4.41; N, 14.03. TGA Calcd for CuCN: 45.5 Found 
45.7 (85–125 oC). 
(CuCN)(Quin), 19. The procedure was identical to that used for 9a. A white powder 
solid was isolated. TGA and X-ray powder data confirmed that residual CuCN was 
present. Reaction for 24 h at 110 
o
C did not effect complete conversion. IR (KBr pellet, 
cm
–1
) 2123.2. TGA Calcd for CuCN: 40.9 Found 52.3 (135–175 oC). 
(CuCN)(1MeIm)3, 20. The procedure was identical to that used for 9a. A white 
crystalline solid was isolated (93.0%). IR (KBr pellet, cm
–1
) 2137.1. Anal. Calcd for 
C13H18N7Cu: C, 46.49; H, 5.40; N, 29.19. Found: C, 46.72; H, 5.33; N, 29.34. TGA 
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Calcd for (CuCN)2(1MeIm)3: 63.3 Found 59.0 (55–90
 o
C). Calcd for (CuCN)2(1MeIm): 
38.9 Found 36.9 (90–205 oC). Calcd for CuCN: 26.7 Found 32.5 (205–285 oC). 
(CuCN)(NEt3), 21. The procedure was identical to that used for 9a. A white powder was 
isolated (92.6%). IR (KBr pellet, cm
–1
) 2129.4. Anal. Calcd for C7H15N2Cu: C, 44.08; H, 
7.93; N, 14.69. Found: C, 42.25; H, 7.48; N, 14.66. TGA Calcd for (CuCN)2(NEt3): 73.5 
Found 65.9 (35–55 oC). Calcd for CuCN: 46.9 Found 48.3 (55–75 oC). 
(CuCN)(NHEt2), 22. The procedure was identical to that used for 9a. An off-white 
powder was isolated (90.6%). IR (KBr pellet, cm
–1
) 2120.3, 2115.7. Anal. Calcd for 
C7H15N2Cu: C, 36.91; H, 6.81; N, 17.22. Found: C, 36.62; H, 6.73; N, 17.09. TGA Calcd 
for CuCN: 55.0 Found 55.8 (50–75 oC). 
(CuCN)2(NH
i
Pr2), 23. The procedure was identical to that used for 1a. A straw-colored 
powder was isolated (92.3%). IR (KBr pellet, cm
–1
) 2157.6, 2134.7. TGA Calcd for 
CuCN: 63.9 Found 63.6 (40–85 oC). 
(CuCN)(NMe2Cy), 24. The procedure was identical to that used for 9a. An off-white 
crystalline solid was isolated (93.7%). IR (KBr pellet, cm
–1
) 2073.3. Anal. Calcd for 
C9H17N2Cu: C, 49.86; H, 7.90; N, 12.92. Found: C, 49.96; H, 7.99; N, 12.76. TGA Calcd 
for (CuCN)3(NMe2Cy): 60.9 Found 62.3 (45–80
 o
C). Calcd for CuCN: 42.2 Found 42.2 
(75–110 oC). 
 (CuCN)3(Pipd)4, 25. The procedure was identical to that used for 9a. A white powder 
was isolated (97.6%). IR (KBr pellet, cm
–1
) 2119.8, 2104.5, 2071.5. Anal. Calcd for 
C18H44N7Cu3: C, 45.34; H, 7.28; N, 16.09. Found: C, 44.61; H, 7.16; N, 15.97. TGA 
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Calcd for (CuCN)3(Pipd)2: 72.0 Found 75.0 (35–90
 o
C). Calcd for (CuCN)3(Pipd): 58.1 
Found 58.8 (90–215 oC). Calcd for CuCN: 44.1 Found 44.5 (215–270 oC). 
(CuCN)(MePipd), 26. The procedure was identical to that used for 9a. A pale yellow 
powder was isolated (99.3%). IR (KBr pellet, cm
–1
) 2139.1, 2132.3. Anal. Calcd for 
C7H13N2Cu: C, 44.55; H, 6.94; N, 14.84. Found: C, 43.83; H, 6.85; N, 14.99. TGA Calcd 
for (CuCN)3(Pipd)2: 72.0 Found 75.0 (35–90
 o
C). Calcd for (CuCN)3(Pipd): 58.1 Found 
58.8 (90–215 oC). Calcd for CuCN: 44.1 Found 44.5 (215–270 oC). 
(CuCN)4(EtPipd)3, 27. The procedure was identical to that used for 9a. An off-white 
powder was isolated (97.5%). IR (KBr pellet, cm
–1
) 2127.7. Anal. Calcd for 
C25H45N7Cu4: C, 43.03; H, 6.50; N, 14.05. Found: C, 43.14; H, 6.55; N, 13.91. TGA 
Calcd for (CuCN)4(Pipd): 67.6 Found 68.0 (55–90
 o
C). Calcd for CuCN: 51.3 Found 50.3 
(90–105 oC). 
(CuCN)2(Morph)3, 28. The procedure was identical to that used for 9a. A white powder 
was isolated (93.8%). IR (KBr pellet, cm
–1
) 2125.6. Anal. Calcd for C14H27N5O3Cu2: C, 
38.17; H, 6.18; N, 15.90. Found: C, 37.45; H, 6.10; N, 15.81. TGA Calcd for 
(CuCN)(Morph): 80.2 Found 78.4 (50–70 oC). Calcd for (CuCN)3(Morph): 53.9 Found 
52.8 (70–105 oC). Calcd for CuCN: 40.7 Found 40.1 (105–135 oC). 
(CuCN)(MeMorph), 29. The procedure was identical to that used for 9b. A pale yellow 
powder was isolated (94.2%). IR (KBr pellet, cm
–1
) 2119.8. TGA Calcd for 
(CuCN)3(MeMorph): 64.6 Found 63.3 (55–95
 o
C). Calcd for CuCN: 47.0 Found 47.3 
(95–140 oC). 
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 (CuCN)(MePyrrolid), 30. The procedure was identical to that used for 9a. A white 
powder was isolated (93.3%). IR (KBr pellet, cm
–1
) 2129.8. Anal. Calcd for C6H11N2Cu: 
C, 41.25; H, 6.35; N, 16.03. Found: C, 40.38; H, 6.20; N, 15.91. TGA Calcd for 
(CuCN)2(MePyrrolid): 75.6 Found 72.0 (35–75
 o
C). Calcd for CuCN: 51.3 Found 51.8 
(75–105 oC). 
General Method for Vapor Diffusion Studies. Copper (I) cyanide (50 mg) was placed 
in an uncapped  2-dram glass vial. The vial was then placed in a small jar containing 1-2 
mL of liquid amine. The jar was then sealed and left overnight. Once removed, the 
luminescence of the CuCN within the vial reflected formation of the surface CuCN-
amine/imine product.  
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RESULTS AND DISCUSSION  
Synthesis 
 Previous research in our laboratory has centered around networks formed from 
the interaction between CuCN and various nitrogen-containing organic ligands. During 
this time, it came to our attention that several of these networks displayed remarkable 
luminescent properties. This directed our attention to the creation and characterization of 
a number of networks resulting from the interaction between CuCN and a number of 
simple amines and imines, shown previously in Table 1. During the course of this work, 
it was deemed necessary to devise a method that would result in products that were 
analytically pure and of good crystallinity. This resulted in the use of two synthetic 
methods. For the diamine substrates, an aqueous suspension of CuCN was heated with 
diamine and KCN under nitrogen, transforming the solid CuCN into solid CuCN-diamine 
product. For the monoamines and monoimines, a sealed tube method was made possible 
by the fact that many of the ligands studied were liquids at room temperature. Combining 
CuCN and excess liquid ligand within a thick-walled pressure tube and heating at 
approximately 70 °C for 12 hours resulted in the creation of a large number of CuCN-L 
networks that could then be studied. All products were white, or nearly white, powders or 
crystalline solids under visible light. Under ultraviolet light, however, products displayed 
unique and varied luminescent products. In general, networks incorporating aromatic 
imine ligands luminesce at longer wavelengths than networks incorporating aliphatic 
amines.  However, products of these synthesis methods, especially the aqueous reactions, 
did not always include X-ray quality crystals, making structural characterization spotty.  
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 Several of the networks studied have previously been characterized and therefore 
have known crystal structures. For those networks that did not have known structures and 
whose neat reaction syntheses did not result in quality crystals, hydrothermal (HT) 
syntheses were performed and X-ray quality crystals were often isolated from the 
products. When crystals were obtained, structures were solved via X-ray diffraction. X-
ray powder diffraction patterns of the bulk synthesis method were then compared to 
calculated powder patterns from known X-ray structures to determine the phase identity 
of each powder product.  In general, the powder patterns of networks involving diamine, 
monoimine, and monoamine ligands indicated that bulk products were of the same phase 
as previously solved crystal structures.   
 
Characterization of Networks Containing Diamine Ligands 
 In total, nine diamine ligands were studied and nine novel crystal structures were 
determined. Summarized in Table 1 are the results of these reactions, including product 
stoichiometries. For those compounds that had unknown crystal structures, product 
stoichiometries were calculated through TGA analysis. In all cases, TGA analysis 
resulted in smooth loss of L, providing necessary data for calculating product 
stoichiometries. An example of such a TGA trace can be seen in Figure 10. In this case, 
half of the Me2Pip ligand is lost prior to 200°C while the other half is lost between 200 
and 415°C.  
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Figure 10: TGA trace of 3b, (CuCN)4(Me2Pip).  
 
Table 1: CuCN-Diamine Product Stoichiometries (CuCN:Ligand Ratio) in Reflux Reactions 
 
 
 
 
 
 
 
 
 
 
  aMixing ratio: mmol CuCN:mmol KCN:mmol L 
 
Ligand 2:2:1
a
 3:2:1
a
 4:2:1
a
 5:3:1
a
 
Pip 1a (2:1) 1a 1b (20:7) 1b 
MePip 2 (7:2) 2 2 2 
Me2Pip 3a (2:1) 3a 3b (4:1) 3b 
EtPip 4 (7:2) 4 4 4 
Et2Pip 5 (4:1) 5 5 5 
BzPip 6a (3:2) 6b (5:2) 6c (7:2) 6d (4:1) 
Bz2Pip 7 (2:1) 7 7 7 
Ph2CHPip 8a (1:1) 8b (2:1) 8b 8b 
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Most of the crystals that gave rise to the structures discussed below came from HT 
reactions, however, as described above, phase matching between crystals and powders 
was carried out by X-ray diffraction. Refinement details for all structures are summarized 
in Table 6 and selected bond lengths and angles are given in Table 7, both found in 
Appendix A. 
 
Networks Displaying 2CuCN: 1L Ratios 
While several of the ligands used have previously resulted in networks that 
display the low CuCN:L ratio of 2:1 (1a, 3a)
8
, the methods used in this study created only 
two novel examples of these networks (7, 8b). In these cases, relatively copper-poor 
network formation was most likely the result of the bulky nature of the ligands. Networks 
that display this ratio generally consist of 3-coordinate Cu centers that are linked by both 
cyano groups and the ligand (see for example the structure of 3a). As a result, the overall 
network exists as a 2D sheet comprised of several smaller hexagonal units. Reactions of 
CuCN with Bz2Pip resulted in the structure seen in Figure 11.  In this network, each 3-
coordinate copper atom is bridged by a disordered cyanide group and a half-independent 
Bz2Pip. Each bond between Cu and the disubstituted piperazine is axial, which creates a 
series of zigzag steps within the sheet, which runs parallel to the b,c plane.  In this 
network, the bond between Cu and the ligand N is relatively long at 2.21 Å, which is 
most likely the result of the bulky substituents on the ligand piperazine. 
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Figure 11. X-ray Crystal Structure of (CuCN)2(Bz2Pip) (7). Hydrogen atoms omitted for 
clarity.  (a) Single subunit of network (b) Projection down crystallographic a-axis. Atom 
identities for all ball and stick projections: black circles = Cu atoms; grey circles = cyano 
C/N atoms; wireframe = L ligand. Scheme used for remainder of this thesis. 
 
 
Reactions of CuCN with Ph2CHPip resulted in the unique structure seen in Figure 
12.  Despite the 2:1 ratio that would suggest the geometry discussed above, this network 
does not consist of hexagonal subunits. The large substituent on one nitrogen of the 
piperazine apparently prevents the ligand from bonding to two Cu centers, as we have 
seen previously. Instead, a zigzag chain that is composed of 3-coordinate Cu1 and 
disordered cyano groups propagates along the b-axis. Connected to this Cu1 and oriented 
along the a-axis are units of CN–Cu2–L (unsymmetrically disordered CN, 2-coordinate 
copper). Metal coordination to the terminal Ph2Pip is in the axial position, which results 
in the orientation of ligands away from the plane of the longer chain. Chains of CuCN 
face one another with a Cu1-Cu2 distance of about 2.9 Å. 
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Figure 12: X-ray structure of (CuCN)2(Ph2CHPip) (8b). Hydrogen atoms and Cu...Cu 
interactions omitted for clarity. (a) Projection down crystallographic b-axis. Cu
…
Cu 
interactions are not shown. (b) Projection down crystallographic c-axis. Cu
…
Cu 
interactions are not shown. 
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Networks Displaying Higher Order CuCN:L Ratios 
Several of the networks created and studied displayed higher CuCN:L ratios than 
those discussed above. In these cases, threading of CuCN chains through pores in the 2D 
(CuCN)2L network results in the creation of 3D networks. The reaction of CuCN and Pip 
has previously resulted in a 2:1 product (1a). However, in addition to 1a, our methods 
resulted in the unique (CuCN)20(Pip)7 (1b) product (Figure 13). This network consists of 
20 independent Cu atoms and 20 disordered cyano groups. However, unlike the networks 
previously discussed, this product consists of two independent, interpenetrating lattices in 
a 6:1 ratio.  Sublattice A, seen in Figure 12(b) is a simple planar network with a 2:1 
stoichiometry, a structure very similar to that seen in the more common (CuCN)2(Pip) 
network. Many of the properties of this sublattice are characteristic of other 2:1 networks, 
such as those discussed previously. In this case, the lattice results from the linking of 
parallel infinite chains of CuCN by piperazine rings, which results in hexagonal 
Cu6(CN)4(Pip)2 units. All Cu atoms are three-coordinate but display CN–Cu–CN angles 
that are larger (134°) than those normally observed in compounds with a coordination 
number of three (120°). Sublattice B, seen in Figure 12(c) is also the result of the linking 
of CuCN chains by the bidentate piperazine ligand. However, in this case the piperazine 
ligands crosslink two of every eight Cu atoms, while the six remaining Cu centers are 
two-coordinate. Once again, this stoichiometry results in ringed subunits within the 
network, in this case the lattice is comprised of repeating Cu18(CN)16(Pip)2 rings. Unlike 
the one-dimensional sheet observed for sublattice A, this sublattice is a 2D network. 
While the CuCN chains are nearly planar when not bonded to a piperazine ligand, the 
chain becomes sharply angled at 90° at points where a piperazine links the chains 
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together. These two sublattices interpenetrate one another with one sublattice B for every 
six sublattice A sheets. While there are weak close-atom interactions between the two 
sublattices, there is no ligand bridging between them to hold the network together. 
 
Figure 13: X-ray Crystal Structure of (CuCN)20(Pip)7 1b. Hydrogen atoms and Cu
...
Cu 
interactions omitted for clarity. 
 
 
 
Reactions involving MePip result in a network (2) that is isomorphic to that of 
EtPip (4). In both cases, the resulting networks display (CuCN)7(L)2 stoichiometry. Each 
network contains seven independent Cu center atoms that lie within the same plane. All 
cyanide groups are symmetrically disordered. Similar to the structure seen for compound 
1b, these networks are comprised of two independent, interpenetrating sublattices. 
Sublattice A is comprised of three-coordinate Cu atoms that result in (CuCN)2L sheets, 
comparable to those observed in compound 1b. Two independent A sublattices are 
related by two-fold rotation and stacked in a 1221 arrangement. Once again, the CN–Cu–
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CN angles around the three-coordinate Cu centers are larger than one would generally 
expect (141.59–145.85° in 2 and 141.42–145.77° in 4). Sublattice B is simply a threaded 
CuCN chain, which, in direct contrast to 1b, lacks any ligand linkages. The overall 
structure is the result of the penetration through the hexagonal voids of sublattice A by 
the CuCN chains of sublattice B. Once again, the two sublattices, although displaying 
weak close-Cu atom interactions, display no ligand bridging to hold the network in place. 
A crystal structure of compound 4 can be seen in Figure 14. 
 
Figure 14: X-ray Crystal Structure of (CuCN)4(EtPip), 4. Hydrogen atoms and Cu
...
Cu 
interactions omitted for clarity. 
 
 
 
The reaction of CuCN and Me2Pip results in the product (CuCN)4(Me2Pip) (3b), which 
shares many characteristics with the (CuCN)4(Et2Pip) (5) network formed from the 
reaction of CuCN and Et2Pip. As with networks 2 and 4, the structural similarities of the 
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ligands give rise to striking similarities between the two product networks. However, 
these two networks are not crystallographically isomorphic. Within each network are two 
half-independent copper atoms and symmetrically disordered cyano groups. Sublattice A 
is once again comprised of three-coordinate Cu centers that result in a stepped (CuCN)2L 
sheet. These sheets are interlaced with sublattice B, a single infinite chain of CuCN. In 
structure 5 (seen in Figure 16), all sublattice B chains are parallel to one another, while 
the CuCN chains in structure 3b (seen in Figure 15) alternate at 90° angles. Similar to the 
structures seen in compounds 2 and 4, the networks of 3b and 5 result from the 
interpenetration of sublattice A by sublattice B through the hexagonal pores. CN-Cu-CN 
angles within sublattice A are consistent with trends observed in previous structures in 
that they are larger than expected. 
 
Figure 15: X-ray crystal structure of (CuCN)4(Me2Pip), 3b. Hydrogen atoms and Cu
...
Cu 
interactions omitted for clarity. 
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Figure 16: X-ray crystal structure of (CuCN)4(Et2Pip), 5. Hydrogen atoms and Cu
...
Cu 
interactions omitted for clarity. 
 
 
 
The reaction of CuCN with BzPip results in products having several different 
stoichiometries. The methods described in this thesis resulted in two new crystal 
structures 6a and 6d. Compound 6a displays a product stoichiometry of 3:2, seen in 
Figure 17. Within this network are six independent Cu centers and six cyano groups. 
Only one of the cyano groups is fully ordered, while the other five are non-symmetrically 
disordered. Planar rows of CuCN chains run approximately parallel to the a-axis and are 
crosslinked by bridging BzPip ligands that orient in the c-direction. This crosslinking 
forms 2D double sheets that are capped by non-bridging BzPip. All Cu centers are three-
coordinate, bonding to two cyano groups and one BzPip ligand. The CN–Cu–CN bond 
angles are 128.53–140.28°. An interesting feature of this network is the arrangement of 
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the BzPip ligands. Two of the four BzPip act as bridging ligands, while the other two are 
terminal and are not bonded to anything but the Cu center. There are two slight Cu
…
Cu 
interactions: Cu3
…
Cu4 and C1
…
Cu6. There is a slight bending of the Cu4–X4–X4 angle 
toward Cu3 as a result of slight bridging interactions between cyanide X4/X4 and Cu3. 
 
Figure 17: X-ray Crystal Structure of (CuCN)3(BzPip)2, 6a. Hydrogen atoms and Cu
...
Cu 
interactions omitted for clarity. 
 
 
Compound 6d, a product of the reaction between CuCN and BzPip resulting in a more 
copper-rich network, can be seen in Figure 18. With a stoichiometry of 4:1, the network 
is structurally similar to other compounds of the same ratio (3b and 5). Sublattice A 
consists of three-coordinate Cu centers that result in a stepped (CuCN)2L sheet. These 
sheets are interpenetrated by sublattice B, which is comprised of CuCN chains running 
parallel to the a-axis. Each copper within the network is half-independent and all three 
cyano groups are non-symmetrically disordered. CN–Cu–CN angles in this network are 
157.84 and 162.49° for 2-coordinate coppers. 3-coordinate coppers display CN–Cu–CN 
angles of 138.59 and 140.67°. As observed in compounds 3b and 5, there is a slight 
metal-metal interaction that links the two sublattices. 
 
 
41 
 
Figure 18: X-ray Crystal Structure of (CuCN)4BzPip, 6d. Hydrogen atoms and Cu
...
Cu 
interactions omitted for clarity. 
 
 
 
 
Characterization of Networks Containing Monoimine Ligands 
Unlike products of CuCN-diamine reactions, the products from CuCN-monoimine 
interactions formed a variety of networks that were structurally similar. In these cases, 
the ligands used contained a single nitrogen center and could not, therefore, act as 
bridging ligands between chains of CuCN. As a result, all but one of the products 
discussed in this section form one-dimensional chains, rather than 2D and 3D networks. 
In total, four new crystal structures were determined (10b, 13, 17, 20) and several others 
were found to match previous literature structures (9a, 9b, 10a, 15, 19)
9
. As with the 
diamine complexes, for those products that had unknown crystal structures, product 
stoichiometries were calculated through TGA analysis. 
For some networks, multiple stoichiometries were observed. In these cases more 
copper-rich phases were found to result upon vacuum drying of the initially-formed 
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product. The various product stoichiometries can be found in Table 2. In the case of 
quinoline (Quin), TGA revealed incomplete formation of the known (CuCN)(Quin) phase 
(19). Confirming this observation, peaks attributable to free CuCN were evident in the X-
ray powder diffraction results for this product. Refinement details for all structures are 
summarized in Table 6 and selected bond lengths and angles are given in Table 7, found 
in Appendix A. 
Table 2: CuCN-Monoimine Product Stoichiometries. 
Ligand Product Ratio 
Py  1:2 (9a), 1:1 (9b) 
2Pic  2:3 (10a), 1:1 (10b)
a
 
2EtPy  1:1 (11) 
3Pic  2:3 (12a), 1:1 (12b) 
3EtPy
a
  2:3 (13) 
3BrPy  1:1 (14) 
4Pic  1:1 (15) 
4EtPy  1:1 (16) 
4
t
BuPy
a
  2:3 (17) 
Lut  1:1 (18) 
Quin  1:1 (19) 
1MeIm
a 
 1:3 (20) 
        a 
Indicates a novel crystal structure 
 
CuCN 2-picoline Networks 
The reaction of CuCN with 2Pic resulted in two systems with differing 
stoichiometries. As the 2:3 ratio has been discussed in previous literature,
9
 the novel 
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compound 1:1 compound (10b) that was found during this study will be examined. As a 
result of vacuum drying, the previously known 2:3 compound decomposes to form the 
compound with 1:1 stoichiometry seen in Figure 19. In this compound, the planar zigzag 
CuCN chain propagates along the c-axis. As usually observed in similar networks, the 
cyano groups are unsymmetrically disordered. Each copper is three-coordinate, with 
bonds to two cyano groups and one 2-picoline ligand. Cyano angles are relatively linear, 
at 174.68° and 178.14°. The CN–Cu–CN angles are 130.71°.  Cu1-Cu1-Cu1-Cu1 torsion 
angles are 180°, indicating the planar arrangement of the CuCN chain in space. There are 
also slight C–H… interactions between 3-picoline rings.  
 
Figure 19: X-Ray Crystal Structure of (CuCN)(2Pic) (10b). Hydrogen atoms omitted for 
clarity.  
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CuCN 3-Ethylpyridine Networks 
 Neat reaction involving CuCN and 3EtPip results in the structure (13) seen in 
Figure 20. Once again, a single infinite CuCN chain with ligand decoration is observed. 
In this network, the chain propagates parallel to b-axis and is comprised of four 
independent Cu atoms. An important feature of this structure is the alternating 
coordination numbers of Cu. Half of the Cu centers are 3-coordinate while the other half 
are 4-coordinate. On those Cu centers that are 3-coordinate is bonded one 3EtPy ligand, 
while each 4-coordinate copper is bonded to two 3EtPy rings. This arrangement results in 
the product stoichiometry observed, with two Cu centers for every three 3EtPy ligands. 
Unlike the structure observed in (CuCN)(2Pic), this chain does not lie in a single plane. 
Instead, (CuCN)3(3EtPy)2 forms a helical chain. This results in a series of four copper 
torsion angles: Cu1–Cu2–Cu3–Cu4 = –37.36°, Cu2–Cu3–Cu4–Cu1 = –138.05°, Cu3–
Cu4–Cu1–Cu2 = –26.55°, and Cu4–Cu1–Cu2–Cu3 = –139.68°. Cyano bond angles are 
characteristically linear, or nearly so, ranging from 170.37° to 179.02°. Three-coordinate 
CN–Cu–CN angles are 139.96° and 143.96° while four-coordinate Cu centers have 
angles of 132.37° and 132.44°. There is no interaction between 3-ethylpyridine rings, 
despite their close spatial arrangement, particularly on the 4-coordinate Cu.  
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Figure 20: X-Ray Crystal Structure of (CuCN)2(3EtPy)3 (13). Hydrogen atoms omitted 
for clarity.  
 
 
 
CuCN 4-tert-Butylpyridine Network 
The neat reaction between CuCN and 4
t
BuPy produces a network with a 2:3 ratio 
(17), seen in Figure 21. Each copper in this network is 3-coordinate, with two of the 
substituents being cyano, an arrangement which typically results in an overall 1:1 product 
ratio. A unique feature of this network is the additional half-independent 4
t
BuPy 
molecule that is not bonded to the CuCN chain. The presence of this half-molecule of 
free imine results in a CuCN:L ratio of 1:1.5, or 2:3. This free 4
t
BuPy orients orthogonal 
to those that are bonded with the CuCN chain. Within the planar zigzag CuCN chain is 
one independent Cu center. This chain propagates in a direction between the a & c axes. 
Cyano ligands are nearly linear, and CN–Cu–CN angles are 147°. There is no interaction 
between the ligands, despite the presence of free 4
t
BuPy units.  
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Figure 21: X-Ray Crystal Structure of (CuCN)2(4
t
BuPy)3 (17). Hydrogen atoms omitted 
for clarity.  
 
 
CuCN 1-Methylimidazole Network 
 The fourth novel crystal structure to arise from the reaction of CuCN with a 
monoimine ligand, (CuCN)(1MeIm)3 (20) proved to be unique. Instead of a polymer 
comprised of an infinite CuCN chain decorated with ligands, compound 20 exists as a 
monomeric molecular structure (Figure 22). In this case, a 4-coordinate Cu center is 
attached by carbon to only one CN group, which is terminal. Three 1MeIm ligands bond 
to the Cu center to give the overall structure a  roughly tetrahedral geometry.  
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Figure 22: X-Ray Crystal Structure of (CuCN)(1MeIm)3 (20). Hydrogen atoms omitted 
for clarity. 
 
 
 
Characterization of Networks Containing Monoamine Ligands 
 Similar to the networks discussed in the monoimine section above, all 
structurally-characterized products of CuCN-monoamine reactions proved to be 1D 
chains. However, some networks showed unique structural characteristics, especially 
compound 29, which will be discussed below. In total, three new crystal structures were 
determined from these experiments (24, 25, 29) while others were found to match 
existing literature structures (21, 22).
9
 For those compounds that had unknown crystal 
structures, product stoichiometries were calculated through TGA analysis. An example of 
such a TGA trace is found in Figure 23. The resulting stoichiometries can be found in 
Table 3. Refinement details for all structures are summarized in Table 6 and selected 
bond lengths and angles are given in Table 7, both found in Appendix A. 
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Figure 23: TGA Trace of (CuCN)(NEt3). 
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Table 3: CuCN-Monoamine Product Stoichiometries. 
Ligand  Product Ratio  
NEt3  1:1 (21)  
NHEt2  1:1 (22)  
NH
i
Pr2  2:1 (23)  
NMe2Cy
a
  1:1 (24)  
Pipd
a
  3:4 (25)  
MePipd  1:1 (26)  
EtPipd  4:3 (27)  
Morph  2:3 (28)  
MeMorph
a
  1:1 (29)  
MePyrrolid  1:1 (30)  
a
Indicates a novel crystal structure 
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CuCN N,N-Dimethylcyclohexylamine Network  
 Reaction of CuCN with NMe2Cy resulted in the 1:1 compound (24) observed in 
Figure 24. Within this network, each Cu atom is independent and three-coordinate. The 
characteristic planar zigzag chain that is observed in many of the monoamine and 
monoimine compounds discussed herein is present, and it propagates parallel to the b 
axis.  A Cu1–Cu1–Cu1–Cu1 torsion angle of 180° confirms the compound’s planar 
nature. All cyano ligands are relatively linear, and the CN–Cu–CN angle is 143.51°. The 
NMe2Cy ligands are interdigitated along the CuCN chain, as is observed in several of the 
compounds discussed herein. The arrangement of the ligands along the chain prevents 
any L
…
L interaction.  
 
Figure 24: X-ray Crystal Structure of (CuCN)(NMe2Cy) (24). Hydrogen atoms omitted 
for clarity. 
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CuCN Piperidine Networks 
 The (CuCN)3(Pipd)4 (25) network, observed in Figure 25, contains two 
independent Cu centers. Within this polymeric network, the coordination numbers of the 
Cu centers alternate in a 3-3-4 pattern. Those Cu centers that are 3-coordinate are bonded 
to one Pipd ligand, while those that are 4-coordinate are bonded to two Pipd rings. This 
arrangement results in the product stoichiometry observed, with three Cu atoms for every 
four Pipd ligands. The CuCN chain propagates parallel to the c axis and forms a unique 
“figure 8” helical chain. The three torsion angles about Cu indicate the unique 3D 
structure of this network (Cu1–Cu2–Cu1–Cu1 = 42.79°, Cu2–Cu1–Cu1–Cu2 = 180°, 
Cu1–Cu1–Cu2–Cu1 = 317.21°). The CN–Cu–CN angles along the chain are 125.27° and 
143.51°. There are no interactions between ligands, despite their close proximity.  
 
Figure 25: X-ray Crystal Structure of (CuCN)3(Pipd)4 (25). Hydrogen atoms omitted for 
clarity. 
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CuCN N-Methylmorpholine Network 
 The (CuCN)(MeMorph) network (29) displays yet another unique characteristic 
among CuCN:monoamine networks; its structure can be seen in Figure 26. Each planar 
zigzag chain propagates parallel to the a axis. All Cu1–Cu1–Cu1–Cu1 torsion angles are 
180°, as is expected in a planar structure. There is only one independent Cu in the 
network, which is not a unique feature. However, the bonding that occurs around each Cu 
atom is unlike any other seen in this study. A weak, and relatively long, Cu–O bond 
(about 2.54 Å) is seen in addition to the Cu–Nligand bonds, which are longer interactions in 
this network, perhaps as the result of the Cu–O interaction. The electron density on 
oxygen within the MeMorph ligand provides an interesting opportunity for the oxygen to 
have very long bond-like interactions with the Cu center of another product chain. As a 
result, the 1D chains that generally form from reactions with these monoamine ligands 
are linked together into a 2D sheet. This interaction also creates strain within each chain, 
as is observed by the uncharacteristically large CN–Cu–CN angle of 154.18°.  
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Figure 26: X-ray Crystal Structure of (CuCN)(MeMorph) (29). Hydrogen atoms omitted 
for clarity. 
 
 
Luminescent Behavior of Networks Containing Diamine Ligands  
 Early research involving CuCN:L (L=diamine) networks revealed an intriguing 
property that emerged in several of the combinations. For these networks, solid-state 
luminescence measurements were carried out using powder samples at room temperature. 
Results for these studies are summarized in Table 4 and sample traces can be seen in 
Figures 27 and 28.  
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Table 4: Luminescence Results of Diamine Compounds at Room Temperature (298 K). 
Complex  excitation λmax, 
nm  
emission λmax, nm 
(color)  
CuCN  285, 309, 350  391 (purple)  
(CuCN)2(Pip), 1a  282, 308  458 (blue)  
(CuCN)20(Pip)7, 1b  286, 322, 345  443 (blue)  
(CuCN)7(MePip)2, 2  284, 340  445 (blue)  
(CuCN)2(Me2Pip), 3a  281, 332  485 (yellow-green)  
(CuCN)4(Me2Pip), 3b  284, 328  487 (green)  
(CuCN)7(EtPip)2, 4  284, 335  445 (blue)  
(CuCN)4(Et2Pip), 6d  284, 315  436 (purple)  
(CuCN)(Ph2CHPip), 8a  282, 317  484 (yellow-green)  
(CuCN)2(Ph2CHPip), 8b  281, 321  443, 575 (orange)  
 
As shown in Table 4, CuCN displays weak solid-state luminescence at room 
temperature. Spectra shown in Figure 27 display both the wide excitation and sharp 
emission peaks that are characteristic of CuCN powder. The observed luminescent color 
of each compound is determined by the wavelength at which the compound emits 
electromagnetic radiation. In the case of CuCN, the emission wavelength of 392 nm lies 
very close to the UV-visible light border, resulting in the faint purple luminescence 
observed under black-light excitation.   
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Figure 27: Luminescence Spectra of CuCN at 298 K. 
 
Previous research has indicated that the addition of a ligand to a simple CuCN 
network can affect the luminescence of the overall network. In networks that contain 
diimine ligands, luminescence is largely quenched upon formation. However, the diamine 
networks in this study display a wide variety of luminescent behavior. In some cases, 
such as compounds 6a-d and 7, product luminescence is not observed at room 
temperature. The remaining compounds (1a-b, 2, 3a-b, 4, 5, and 8a-b) result in networks 
that display luminescence with intensities comparable to that of CuCN, albeit with 
different characteristic colors. Though most of these compounds display broad excitation 
peaks around the same wavelengths as those of pure CuCN, their emission wavelengths 
show red shifting, which results in a variety of luminescence colors. All products that 
luminesce display a high-energy (HE) emission peak in the 435–450 nm range. This 
indicates a slight red shift upon ligand coordination to the CuCN network. Several 
compounds display a second, low-energy (LE) emission peak in the range of 470–575nm. 
Networks that display only the HE emission peak (1a, 1b, 2, 4, and 5) show a 
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characteristic blue luminescence. Example spectra of compound 2 can be seen in Figure 
28(a).  Spectra for networks 3a, 3b, 8a, and 8b display both the HE and LE emission 
peaks, indicating a range of colors from green to orange at room temperature. In each of 
these cases, except for compound 8b, the LE band and HE band overlap, which results in 
a broad emission peak as opposed to the sharp peaks observed in the other compounds.  
Example spectra of compound 8b can be seen in Figure 28(b). 
Figure 28: Luminescence Spectra. a) 2, (CuCN)7(MePip)2 at 298K. b) 8b, 
(CuCN)2(Ph2CHPip) at 298K 
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Luminescent Behavior of Networks Containing Monoamine and Monoimine 
Ligands 
 A variety of CuCN:L (L=monoamine, monoimine) networks were created during 
the course of this study, with a large range of product stoichiometries, as displayed in 
Tables 2 and 3. Like the diamine networks previously discussed, addition of the 
monoamine or monoimine ligand often resulted in products that displayed luminescent 
properties. While some previous studies have reported synthesis and structural 
characterization of such compounds, no previous studies have discussed the luminescent 
properties of these networks. Initially, it was necessary to determine which combinations 
of CuCN and ligand resulted in products that displayed luminescence at room 
temperature. Therefore, a qualitative test was conducted involving several monoamine 
and monoimine ligands and CuCN powder. This test was performed by filling 24 wells in 
a well plate with CuCN powder. Two to three drops of ligand were then added to the 
surface of the CuCN powder. The samples were then exposed to short-wave ultraviolet 
light (λ=254 nm) and luminescent behavior was observed. A photograph of the resulting 
well plate under the UV black-light is shown in Figure 29. Emission behavior observed 
during this test provided preliminary data for this study as well as serving as a guide for 
ligand choices for further study. 
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Figure 29: CuCN plus added liquid amine under 254 nm ultraviolet light. A: control 
(CuCN), B: isopropylamine, C: cyclohexylamine, D: diethylamine, E: triethylamine,  
F: N,N-dimethylcyclohexylamine, G: piperidine, H: N-methylpiperidine, I: N-
ethylpiperidine, J: N-methylpyrrolidine, K: N-methylpiperazine, L: N,N'-
dimethylpiperazine, M: morpholine, N: N-methylmorpholine, O: 1-methylimidazole, P: 
N,N-dimethylaniline, Q: 1,2,3,4-tetrahydroquinone, R: quinoline, S: pyridine, T: 2-
picoline, U: 3-picoline, V: 4-picoline, W: 2,6-lutidine, X: 2-ethylpyridine.  
 
 
  As observed in Figure 29, the faint purple luminescence of CuCN (A) serves as a 
control for the well plate test. Compounds displaying intense or unique luminescence 
were chosen as ligands for initial exploration. While all compounds displaying 
luminescence have the characteristic red shift in emission wavelength, expected as the 
result of ligand bonding with CuCN chains, several display very unique luminescence 
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colors. Among them are MePipd, EtPipd, MePyrrolid, and several picoline compounds. 
These amine and imine compounds were of particular interest in this study.  
 All ligands included in this study are liquid at room temperature, which allowed 
for several novel reaction schemes. The neat reactions described above allowed for the 
synthesis of authentic monoamine and monoimine networks without the use of solvent. 
The absence of commonly used solvents, such as water and acetonitrile, removed the 
danger of solvent acting as a ligand and limited loss of product during filtration. Products 
of these reactions were generally white powders, and were collected in very high yields, 
see Experimental Section. Products were characterized based on their X-ray powder 
diffraction pattern. For the majority of the ligands used, crystal structures were either 
previously known or solved within the course of this study. In order to confirm the 
identity of each powder product, a diffraction pattern was collected and compared to the 
calculated powder pattern from the single crystal structure. An example of such a 
comparison is shown in Figure 30.  
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Figure 30: X-ray Powder Diffraction Patterns. a) CuCN – Pipd neat reaction product. b) 
(25) (CuCN)3(Pipd)4 calculated pattern. 
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As shown in Figure 30, the most intense peaks in each spectrum are of almost identical 
values. This fact confirms the identity of the neat reaction product as (CuCN)3(Pipd)4.  
For ligands producing with more than one known phase, powder patterns were used to 
verify the product stoichiometry. Table 5 displays phase identities for the products of 
eight neat reactions. 
 
Table 5: CuCN-Amime/Imine Neat Reaction Product Stochiometries 
 
 
 
 
 
 
 
 
 
 
 
 
     
a
Product air dried. 
b
Product vacuum dried. 
 Another useful property of all the ligands studied here is their high volatility at 
room temperature. This characteristic led to the hypothesis that the  CuCN-amine/imine 
phases discussed above could be created through amine or imine vapor diffusion. In these 
experiments, CuCN powder was placed in a small vial which was sealed in a jar 
containing liquid ligand. Vapor diffusion occurred over the course of a few minutes. It 
Ligand CuCN:L Stoichiometry 
NEt3 1:1 (21) 
NMe2Cy 1:1 (24) 
Pipd 3:4 (25) 
MePipd 
 
EtPipd 
 
MeMorph 
 
Py 
 
2Pic 
 
2Pic 
1:1 (26) 
4:3 (27) 
1:1 (29) 
1:2 (9a) 
2:3 (10a)
a 
1:1 (10b)
b 
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was found that the CuCN that had been exposed to amine or imine vapor displayed 
identical luminescence to the authentic networks created via neat reaction. However, 
when the products of vapor diffusion were placed under vacuum conditions, 
luminescence was lost. Attempts were made to determine whether the phase identities of 
the vapor-diffused products matched those of the corresponding authentic products (from 
neat reactions). This determination was pursued through the use of X-ray powder 
diffraction. A powder pattern was collected for each of several products of vapor 
diffusion and compared to patterns of corresponding networks produced via neat reaction. 
Figure 31 displays the powder pattern of a neat reaction product as well as its 
corresponding vapor diffusion product pattern and the powder pattern of CuCN as seen 
previously. 
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Figure 31: X-ray powder diffraction patterns. A. CuCN + Pyradine vapor diffusion 
product,  
B. CuCN, C. (CuCN)(Pyr)  
 
 
Unlike products formed from neat reactions, the powder pattern for vapor-diffused 
products proved to be very similar to that of CuCN (Figure 2). However, these powder 
patterns also displayed a few extra peaks that corresponded to those seen in authentic 
products from the neat reactions. This confirms that the products of vapor diffusion are 
composed of a mixture of CuCN and CuCN-amine/imine. Although powder diffraction is 
not a particularly quantitative method, the above patterns suggest that the vast majority of 
vapor diffusion product remains pure CuCN. However, the presence of extra peaks 
characteristic of the authentic product indicates that some of this product is being formed. 
This is further confirmed through TGA comparison of the authentic synthesis product and 
63 
 
the vapor diffusion product. An example of these two TGA traces can be seen in Figure 
32.
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Figure 32: TGA traces. a) (10a) (CuCN)(2Pic) from neat reaction b) CuCN – 2-picoline 
product from vapor diffusion reaction. 
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As observed in Figure 32, composition of these two products is remarkably 
different. The TGA trace of the neat synthesis product is indicative of the authentic 
CuCN–2-picoline product, displaying a composition of approximately 50% CuCN. This 
trace also confirms the stoichiometry of the bulk synthesis product (theoretical %Cu = 
49.0%). The TGA trace for the vapor-diffused product, however, shows only a few 
percent mass loss, despite a temperature range of approximately 200 °C. This indicates 
that a large portion of the product is the less volatile CuCN. However, the additional 
peaks observed in the vapor-diffused product powder pattern and the luminescence 
response cannot be ignored. Taken together, these results suggest that permeation of the 
ligand vapor  only occurs on the surface of the CuCN powder. This results in minimal 
complexation and product phase formation.  What is remarkable, however, is that this 
minimal permeation results in relatively intense luminescence emission. Even more 
intriguing is the fact that product luminescence can be removed under vacuum for the 
vapor-diffused samples, leaving only CuCN luminescence. This result does not occur in 
the authentic products of neat synthesis. The observation that surface CuCN-amine/imine 
phase formation occurs at ambient temperature and ≤1 atm pressure further supports the 
assumption that vapor diffusion is a surface reaction. On the other hand, neat synthesis in 
the bulk carried out at elevated temperatures clearly produces single-phase ligated 
products. Figure 33 illustrates this distinction. 
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Figure 33: Possible pathways leading to CuCN:L luminescence 
 
 
 
The reversible formation of luminescent phases via vapor diffusion is suggestive of 
sensor potential for CuCN.  
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Conclusion 
 A wide range of stable CuCN:L networks has been described herein through the 
use of various types of ligands. Diamines, monoamines, and monoimines react with 
CuCN to form networks of varying stoichiometries and remarkable luminescent 
properties. Product networks resulting from the reaction of CuCN with diimines form 2D 
and 3D networks that display several common features, including interpenetration of two 
sublattices in the more copper-rich phases. In one case, a remarkable 20:7 
CuCN:piperazine stoichiometry was noted. However, networks involving bulky 
substituents on the ligand are unable to form these complex networks and instead exist as 
2D sheets. Networks that arise as the result of the reaction between monoamines and 
monoimines lack the three-dimensionality of networks created with diimines. This is due 
to the inability of monodentate ligands to act as bridging ligands, and all resulting 
networks are 1D polymeric chains. In one case, (CuCN)(1MeIm), cyanide was found to 
be terminal, producing a molecular complex. 
 While networks formed with diimine ligands display intense luminescence, the 
most interesting results in this study arise as a result of the reaction between CuCN 
monoimines and monoamines. Several of these networks display very intense 
luminescence and unique emission wavelengths unlike those seen in diamine complexes. 
The volatility of many of these ligands allows for their introduction to CuCN powder as a 
vapor. Preliminary studies show that products resulting from this vapor diffusion display 
roughly the same intense luminescence as their bulk synthesis counterparts. However, 
networks created through vapor diffusion lose their characteristic luminescence upon 
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exposure to vacuum conditions. This property makes these networks potential precursors 
for chemical sensors.  
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Appendix A: Crystallographic Data 
Table 6. Crystal and structure refinement data for all complexes. 
 1b  2  3b  
CCDC deposit no. 647769 678228 678225 
color and habit colorless prism colorless blade colorless prism 
size, mm 0.19  0.13  0.06 0.42  0.23  0.05 0.26  0.13  0.05 
formula C48H70Cu20N34 C17H24Cu7N11 C5H7Cu2N3 
formula weight 2394.18 827.25 236.22 
space group P-1 (#2)
 
C2/m (#12)
 
Cccm (#66)
 
a, Å 8.4553(2) 13.9138(2)  12.10260(10) 
b, Å 15.7200(3) 9.41970(10) 14.16340(10) 
c, Å 27.6308(6) 21.1231(3) 9.37560(10) 
, deg 91.9900(10) 90 90 
, deg 93.9660(10) 105.9470(10) 90 
, deg 97.2830(10) 90 90 
volume, Å
3
 3530.75(14) 2661.93(6) 1607.11(2) 
Z 2 4 8 
calc, g cm
3
 2.190 2.064 1.953 
F000 2352 1624 928 
(Cu K), mm1 6.591 6.272 5.930 
radiation (, Å) CuK(1.54178) CuK(1.54178) CuK(1.54178)
temperature, K 296 100 100 
residuals:
a
 R; Rw
 
0.0506; 0.1529 0.0255; 0.0672 0.0229; 0.0541 
goodness of fit 1.054 1.149 1.081 
a
R = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo
2
 – Fc
2
)
2
]/[w(Fo
2
)
2
]}
1/2
 for all 
data.
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 4 5 6a 
CCDC deposit no. 678229 678230 678234 
color and habit colorless blade colorless blade colorless plate 
size, mm 0.25  0.09  0.03 0.31  0.05  0.02 0.30  0.23  0.02 
formula C19H28Cu7N11 C6H9Cu2N3 C50H64Cu6N14 
formula weight 855.30 250.24 1242.39 
space group C2/m (#12)
 
C2/m (#12)
 
P21 (#4)
 
a, Å 13.8422(2) 13.1088(3) 19.3691(4) 
b, Å 9.41320(10) 9.3972(2) 6.82790(10) 
c, Å 21.6258(2) 9.5547(4) 21.6030(4) 
, deg 90 90 90 
, deg 101.9110(10) 133.1290(10) 108.0350(10) 
, deg 90 90 90 
volume, Å
3
 2757.16(6) 859.00(4) 2716.63(9) 
Z 4 4 2 
calc, g cm
3
 2.060 1.935 1.519 
F000 1688 496 1272 
(Cu K), mm1 6.082 5.590 5.995 
radiation (, Å) CuK(1.54178) CuK(1.54178) CuK(1.54178)
temperature, K 296 296 200 
residuals:
a
 R; Rw
 
0.0298; 0.0716 0.0216; 0.0570 0.0273; 0.0692 
goodness of fit 1.080 1.043 0.994 
a
R = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo
2
 – Fc
2
)
2
]/[w(Fo
2
)
2
]}
1/2
 
for all data. 
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 6d 7  8b  
CCDC deposit no. 678233 678231 678232 
color and habit colorless blade colorless plate colorless prism 
size, mm 0.24  0.11  0.02 0.17  0.13  0.04 0.31  0.14  0.06 
formula C15H16Cu4N6 C10H11Cu1N2 C19H21Cu2N4 
formula weight 534.50 222.75 432.48 
space group Pnma (#62)
 
P21/c (#14)
 
Pbca (#61)
 
a, Å 18.8238(5) 9.37890(10) 11.58880(10) 
b, Å 9.2760(2) 13.1246(2) 8.73360(10) 
c, Å 10.9423(3) 9.49180(10) 35.7412(3) 
, deg 90 90 90 
, deg 90 118.1060(10) 90 
, deg 90 90 90 
volume, Å
3
 1910.63(8) 1030.61(2) 3617.44(6) 
Z 4 4 8 
calc, g cm
3
 1.858 1.436 1.588 
F000 1056 456 1768 
(Cu K), mm1 5.995 2.609 1.588 
radiation (, Å) CuK(1.54178) CuK(1.54178) CuK(1.54178)
temperature, K 100 296 100 
residuals:
a
 R; Rw
 
0.0201; 0.0523 0.0262; 0.0731 0.0265; 0.0717 
goodness of fit 1.068 1.068 1.038 
a
R = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo
2
 – Fc
2
)
2
]/[w(Fo
2
)
2
]}
1/2
 
for all data. 
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 (10b) (13b) (17) 
CCDC deposit no. N/A (RDP230) N/A (RDP233) N/A (RDP229) 
color and habit colorless blade colorless block colorless block 
size, mm 0.32  0.12  0.08 0.62  0.36  0.31 0.35  0.23  0.21 
formula C7H7CuN2 C23H27Cu2N5 C29H39Cu2N5 
formula weight 182.69 500.58 584.73 
space group P21/c (#14)
 
Pca21 (#29)
 
Fdd2 (#43)
 
a, Å 10.0593(2) 15.9371(3) 14.9500(2) 
b, Å 8.72760(10) 17.4391(3) 35.3082(4) 
c, Å 8.9901(2) 16.7206(3) 11.64710(10) 
, deg 108.7090(10) 90 90 
volume, Å
3
 747.57(2) 4647.13(14) 6148.01(12) 
Z 4 8 8 
calc, g cm
3
 1.623 1.431 1.263 
F000 368 2064 2448 
(Cu K), mm1 3.451 6.272 1.879 
radiation (, Å) CuK(1.54178) CuK(1.54178) CuK(1.54178)
temperature, K 100 100 296 
residuals:
a
 R; Rw
 
0.0276; 0.0791 0.0218; 0.0632 0.0351; 0.1014 
goodness of fit 1.098 1.014 1.021 
a
R = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo
2
 – Fc
2
)
2
]/[w(Fo
2
)
2
]}
1/2
 
for all data. 
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 (20) (24) (25) 
CCDC deposit no. N/A (RDP234) N/A (RDP221) N/A (RDP178) 
color and habit colorless block colorless plate colorless blade 
size, mm 0.35  0.31  0.31 0.27  0.19  0.11 0.24  0.08  0.03 
formula C13H18CuN7 C9H17CuN2 C23H44Cu3N7 
formula weight 335.88 216.79 609.27 
space group Cc (#9)
 
P212121 (#19)
 
C2/c (#15)
 
a, Å 12.9174(4) 6.31450(10) 26.3331(2) 
b, Å 9.0603(3) 9.34500(10) 5.22920(10) 
c, Å 12.8906(4) 17.4458(3) 23.7064(2) 
, deg 91.2130(10) 90 122.6785(3) 
volume, Å
3
 1508.32(8) 1029.46(3) 2747.68(6) 
Z 4 4 4 
calc, g cm
3
 1.479 1.399 1.473 
F000 696 456 1272 
(Cu K), mm1 2.085 2.579 2.870 
radiation (, Å) CuK(1.54178) CuK(1.54178) CuK(1.54178)
temperature, K 100 100 100 
residuals:
a
 R; Rw
 
0.0202; 0.0536 0.0158; 0.0424 0.0212; 0.0594 
goodness of fit 1.056 1.076 1.016 
a
R = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo
2
 – Fc
2
)
2
]/[w(Fo
2
)
2
]}
1/2
 
for all data. 
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 (29)   
CCDC deposit no. N/A (RDP227)   
color and habit colorless plate   
size, mm 0.20  0.11  0.06   
formula C6H11CuN2O   
formula weight 190.71   
space group Ama2 (#40)
   
a, Å 9.7119(2)   
b, Å 12.2714(3)   
c, Å 6.2836(2)   
, deg 90   
volume, Å
3
 748.87(3)   
Z 4   
calc, g cm
3
 1.691   
F000 392   
(Cu K), mm1 3.561   
radiation (, Å) CuK(1.54178)  
temperature, K 100   
residuals:
a
 R; Rw
 
0.0175; 0.0431   
goodness of fit 1.040   
a
R = R1 = ||Fo|  |Fc||/|Fo| for observed data only.  Rw = wR2 = {[w(Fo
2
 – Fc
2
)
2
]/[w(Fo
2
)
2
]}
1/2
 
for all data. 
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Table 7. Selected bond lengths and angles for all complexes.
a
 
Complex 1b, (CuCN)20(Pip)7 
Cu-X  1.843(5)-1.900(4) Cu-X-X  160.9(6)-178.8(4) 
X-X 1.128(8)-1.168(6) X-Cu
b
-X  134.5(3)-143.6(2) 
Cu-N 2.049(7)-2.144(4) X-Cu
c
-X  165.2(3)-179.76(19) 
Cu-Cu  2.8156(10)-3.0378(11) X-Cu-N 103.7(2)-114.8(2) 
Complex 2, (CuCN)7(MePip)2 
Cu-X  1.851(3)-1.896(2) Cu-X-X  172.2(3)-179.9(3) 
X-X 1.149(7)-1.169(7) X-Cu
b
-X  141.59(13)-145.85(14) 
Cu-N 2.081(3)-2.143(3) X-Cu
c
-X  152.71(15)-172.05(13) 
Cu-Cu  2.6087(7)-2.8824(7) X-Cu-N 106.70(7)-109.16(7) 
Complex 3b, (CuCN)4(Me2Pip) 
Cu-X 1.860(3)-1.884(2) Cu-X-X  173.8(4)-177.0(2) 
X-X  1.147(4)-1.149(6) X1-Cu1
b
-X1 143.99(13) 
Cu1-N4 2.112(2) X2-Cu2
c
-X3 148.28(13) 
Cu1-Cu2 2.5893(7) X1-Cu1-N4              107.74(7) 
Complex 4, (CuCN)7(EtPip)2 
Cu-X  1.858(4)-1.900(3) Cu-X-X  169.9(4)-179.6(4) 
X-X 1.144(4)-1.153(5) X-Cu
b
-X  141.21(16)-145.77(17) 
Cu-N 2.100(3)-2.158(3) X-Cu
c
-X  146.3(2)-171.21(17) 
Cu-Cu  2.6539(9)-2.9639(10) X-Cu-N 106.43(8)-109.38(8) 
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Complex 5, (CuCN)4(Et2Pip) 
Cu-X  1.863(3)-1.8927(16) Cu-X-X  176.0(2)-179.2(3) 
X-X  1.141(5)-1.149(3) X2-Cu2
c
-X3 158.37(12) 
Cu1-N4 2.137(2) X1-Cu1-N4              108.50(5) 
Cu1-Cu2 2.6715(6) X1-Cu1
b
-X1′ 142.99(10) 
Complex 6a, (CuCN)3(BzPip)2 
Cu-X  1.872(3)-1.953(3) Cu-X-X  156.1(3)-176.5(3) 
X-X 1.144(4)-1.160(4) X-Cu
b
-X  128.53(12)-140.28(12) 
Cu-N 2.100(2)-2.124(2) X-Cu-N 100.09(15)-124.97(14) 
Cu-Cu  2.6650(6), 2.9644(6)   
Complex 6d, (CuCN)4(BzPip) 
Cu-X  1.852(2)-1.8966(17) Cu-X-X 172.8(2)-179.8(2) 
X-X 1.162(3)-1.165(3) X-Cu
b
-X  138.59(10), 140.67(10) 
Cu-N 2.141(2), 2.100(2) X-Cu
c
-X  157.84(10), 162.49(10) 
Cu-Cu  2.6171(5), 2.6387(5) X-Cu-N 109.64(5), 110.16(5) 
Complex 7, (CuCN)2(Bz2Pip) 
Cu1-X1 1.873(2), 1.9024(17) Cu1-X1-X1′  175.66(17), 176.25(18) 
X1-X1´ 1.144(3) X1-Cu1
b
-X1 147.82(8) 
Cu1-N2 2.2149(14) X1-Cu1-N2 98.63(6), 113.53(7) 
Complex 8b, (CuCN)2(Ph2CHPip) 
Cu1-X1  1.8963(19)-1.9417(18) Cu-X-X  169.96(16)-176.50(16) 
X-X  1.157(3), 1.162(3) X1-Cu1
b
-X2 114.65(7)-124.43(8) 
Cu2-N3      1.9349(15) X2-Cu2
c
-N3              163.78(7) 
Cu1-Cu2 2.8976(4)   
a
X indicates cyanide C/N, N indicates L ligand. 
b
3-Coordinate Cu atom. 
c
2-Coordinate Cu atom. 
d
X atom bridges two Cu atoms.  
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Complex 10b, (CuCN)(2Pic) 
Cu-X  1.888(2), 1.914(2) X-Cu
b
-X  130.71(8) 
X-X 1.168(3) X-Cu
b
-N 108.61(7), 120.58(8) 
Cu
b
-N 2.0444(19) Cu-X-X  174.69(18), 178.1(2) 
Complex 13a, (CuCN)2(3EtPy)3  Cu-X-X  172.2(3)-179.9(3) 
Cu-X  1.877(2), 1.896(2), 
1.9073(19), 1.969(2)  
X-Cu
b
-X  139.95(9), 143.95(9) 
X-X 1.154(3), 1.157(3),  
1.160(3), 1.167(3) 
X-Cu
c
-X  132.38(9), 132.43(9) 
Cu
b
-N 2.086(2), 2.0912(19) X-Cu
b
-N 105.39(8), 105.96(7),  
109.81(8), 114.0(9) 
Cu
c
-N 2.1136(18), 2.1196(18), 
2.1293(19), 2.1363(19) 
X-Cu
c
-N 98.15(8)-111.17(8) 
  N-Cu
c
-N 99.84(7), 99.94(7) 
  Cu-X-X  170.4(2)-179.0(2) 
Complex 17, (CuCN)2(4
t
BuPy)3  Cu-X-X  173.8(4)-177.0(2) 
Cu-X 1.880(3), 1.892(3) X-Cu
b
-X 147.00(11) 
X-X  1.151(4) X-Cu
b
-N              105.22(11), 107.78(11) 
Cu
b
-N 2.098(3) Cu-X-X  175.0(3), 176.0(3) 
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Complex 25, (CuCN)3(Pipd)4  X-Cu
b
-X  141.21(16)-145.77(17) 
Cu-X  1.8691(15), 1.8962(15),  
1.9196(15) 
X-Cu
b
-X  143.51(6) 
X-X 1.161(3), 1.164(2) X-Cu
c
-X  125.27(9) 
Cu
b
-N 2.1421(13) X-Cu
b
-N 99.97(6), 116.48(6) 
Cu
c
-N 2.1795(13) X-Cu
c
-N 104.97(5), 111.78(5) 
  N-Cu
c
-N 93.60(7) 
  Cu-X-X  175.28(13), 177.22(14), 179.19(18) 
Complex 29, (CuCN)(MeMorph)  X2-Cu2
c
-X3 158.37(12) 
Cu-X  1.9023(15) X-Cu
b
-X 154.18(9) 
X-X  1.157(3) X-Cu
b
-N              102.08(6) 
Cu
b
-N 2.254(2) Cu-X-X  173.91(18) 
Cu
…
O 2.537(3)   
Complex 24, (CuCN)(Me2CyN)  X-Cu
b
-X  128.53(12)-140.28(12) 
Cu-X  1.8827(13), 1.8863(14) X-Cu
b
-X 143.51(5) 
X-X 1.157(2) X-Cu
b
-N              107.05(5), 108.95(5) 
Cu
b
-N 2.1864(11) Cu-X-X  173.91(18) 
Complex 20, (CuCN)(1MeIm)3  X-Cu
b
-X  138.59(10), 140.67(10) 
Cu-X  1.8931(18) X-Cu
c
-N 116.90(7), 118.93(7),  
120.40(7) 
X-X 1.155(2) N-Cu
c
-N 96.83(6), 198.84(6), 100.55(7) 
Cu
c
-N 2.0960(14), 2.0962(16), 
2.1282(16) 
Cu-X-X  178.88(16) 
a
X indicates cyanide C/N, N indicates L ligand. 
b
3-Coordinate Cu atom. 
c
4-Coordinate Cu atom.  
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